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Determination of the Fermi velocity by angle-dependent periodic orbit resonance measurements
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We report on detailed angle-dependent studies of the microwav&0—90 GHz) interlayer magnetoelec-
trodynamics of a single crystal sample of the organic charge-density-w@@W) conductor
a-(BEDT-TTF),KHg(SCN),. Recently developed instrumentation enables both magnetic-i®Ics\Wweeps
for a fixed sample orientation and angle sweeps at fi¥@& We observe series’ of resonant absorptions, which
we attribute to periodic orbit resonancd¥0OR—a phenomenon closely related to cyclotron resonance. The
angle dependence of the POR indicates that they are associated with the low-temperature quasi-one-
dimensionalQ1D) Fermi surfacgFS) of the title compound; indeed, all of the resonance peaks collapse onto
a single set ofv/B versus angle curves, generated using a semiclassical magnetotransport theory for a single
Q1D FS. We show that Q1D POR measurements provide one of the most direct methods for determining the
Fermi velocity, without any detailed assumptions concerning the band structure; our analysis yields an average
value ofve=6.5x 10* m/s. Quantitative analysis of the POR harmonic content indicates that the Q1D FS is
strongly corrugated. This is consistent with the assumption that the low-temperature FS derives from a recon-
struction of the high-temperature quasi-two-dimensional FS, caused by the CDW instability. Detailed analysis
of the angle dependence of the POR yields parameters associated with the CDW superstructure, which are
consistent with published results. Finally, we address the issue as to whether or not the interlayer electrody-
namics are coherent in the title compound. We obtain a relaxation time from the POR linewidths, which is
considerably longer than the interlayer hopping time, indicating that the transport in this direction is coherent.
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[. INTRODUCTION ered by Osadeet al.'* essentially corresponds to high-
frequency angle-dependent magnetoresistance oscillations

A detailed knowledge of the Fermi surfa¢eéS topolo-  (AMRO).>*:14|n this paper, we report on extensive high
gies of low-dimensional conductors is an essential startingensitivity POR measurements of the organic charge-transfer
point for understanding the mechanisms that drive the varisalt a-(BEDT-TTF),KHg(SCN), (where BEDT-TTF de-
ous electronic instabilities that result in, e.g., the magnetisnmotes bis-ethylenedithio-tetrathiafulvalene or ET for short
or superconductivity in these systeffsEor example, recent These studies extend the earlier work of Ardaearl*? In
theoretical studies have shown that the symmetry of the siparticular, the exceptional sensitivity offered by our spec-
perconducting state in quasi-two-dimensiori@2D) and  trometer, together with the elimination of all spurious experi-
quasi-one-dimension&1D) systems is extremely sensitive mental artifacts, enables us to observe many POR harmonics.
to the nesting characteristics of the £8.Furthermore, the The use of a split-pair magnet alloussitu rotation, thereby
organic compound central to this investigation has recentlyacilitating extensive angle-dependent POR investigations.
aroused considerable interest due to a range of exotic ph&onsequently, these studies provide a rigorous test of the
nomena that derive from its intrinsic electronic low dimen-semiclassical theories commonly used to analyze many as-
sionality, e.g., multiple field-induced charge-density-wavepects of the transport properties of low-dimen-
(CDW) phase$, and field-induced dynamic diamagnetism sional conductor!™*’ and enable a determination of
associated with a dissipationless conductiVitplthough  important parameters describing the FS topology of
there exists an extensive array of experimental techniques fer-(ET),KHg(SCN),. Furthermore, as we shall show, the
probing FS topologies, few possess the necessary resolutidtOR technique represents one of the most direct and accu-
to profile the small(often <1%) deformationgwarpings rate means of measuring the Fermi velocity in Q1D systems;
that arise due to weak dispersion along the low conductivithere, we report on such a measurement for a
axis (axesg of Q2D (Q1D) systems. a-(ET),KHg(SCN),.

We have recently developed methods for determining the «-(ET),KHg(SCN), possesses a layered crystal structure
FS topologies of quasi-low-dimensional systems using an which the highly conducting ET planes are separated by
millimeter-wave spectroscopic technicfi@® An unusual insulating anion layers? for this material, the least conduct-
type of cyclotron resonand€R) is predicted to occur—the ing direction is along the crystallographi¢ axis. The ratio
so-called periodic orbit resonan€BOR—which is funda-  of in-plane to interlayer conductivities is aboa:q;/(n~10'5
mentally different from the conventional CR observed in(see Refs. 1,2 Within the conducting layers, the flat donor
normal metal$:**~1*This technique, which was first consid- ET molecules are arranged face-to-face in a herring bone
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FIG. 1. (a) Room-temperature FS af-(ET),KHg(SCN),, ac-
cording to the calculation in Ref. 18. Below 8 K, this FS undergoes kx
a reconstruction, as shown {b); the reconstruction is caused by
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normal to the planes of the ET molecules, gives rise to a
fairly isotropic in-plane conductivity, and to a Q2D band

structure that may be calculated using a tight-binding
approximation:218
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According to band-structure calculations, the FS of this W”‘«"" ' g l $— n=2
metal consists of a pair of Q1D open sectiqusrrugated ”M%zﬁ%ﬁ; / /bl
sheety and a Q2D cylindrical section with the axis of the /“""u’f{z{{’{," b s T 4 n=1
cylinder perpendicular to the layefsee Fig. 1a)].1%18 At i ' / /
about 8 K, «-(ET),KHg(SCN), exhibits a phase transition /""’7?51;555"/ < 4 - n=0

into a low-temperature staté;this transition is believed to
be driven by a nesting instability associated with the Q1D
FS, resulting in the formation of a CDW st&td@he super-
struzgtlége associated with the CDW also affects the Q2
FS’. Iea_dlng to a reconstructed IOW-temperature FS tha 1D FS is parallel to thék, plane, and the normal to the highly
agan consists of both Q1D and Q2D S_eCt'OnS' However, thgonducting layersi{* axis) is parallel tok,. (b) A schematic of a
origin O_f the Iqw-temperature Q1D FS is not related to anytypical quasiparticle trajectory in reciprocal space for a magnetic
underlying lattice symmetry; rather, it is related to the CDWsie|g applied at an arbitrary angle away from thek, axis, within
nesting vector. Figure () shows a possible form for the the plane of the Q1D Fsk(k, plane; the motion of the quasipar-
low-temperature F&’ This original model for the recon- ticle across the FS corrugations results in a periodic modulation of
struction can account for most aspects of the semiclassic@e real-space velocityy (see the text for discussipr(c) At certain
magnetoresistance within the CDW phase, and is most Suikpplied field orientations, the quasiparticle trajectories follow con-
able for the discussion found later in this paper. Neverthestant real-space-velocity contours; these angles correspond to the
less, more complicated models have been considered by se#, AMRO minima (see text (d) The oblique real-space crystal
eral author$:?%??As discussed above, the interplay betweenlattice, defining the CDW superstructure within the plane parallel to
the CDW and the residual low-temperature carriers gives risthe Q1D FSH* is the interlayer spacing,andl’ are defined in the
to several spectacular effects in high magnetic fiéld€on-  text.
sequently, these investigations provide important insights
into this high-field behavior. (SdH) and de Haas-van AlphefHvA) effects?>2* The ex-
The paper is organized as follows: in the following sec-istence of a highly corrugated Q1D FS was first confirmed
tion, we outline the theoretical background behind the PORPY AMRO measurements in the limit of zero frequer(dg
phenomenon; in Sec. Ill we describe our experimental methAMRO),**125-27 e  under the condition<7,, wherev is

ods; in Sec. IV we present the results of our POR measurghe measurement frequency aﬁg is the frequency with
ments on a-(ET),KHg(SCN),; the results are discus- which electrons cross the Brillouin zone. These measure-
sed in Sec. V; and we end with a summary and conclusiongents demonstrated that, while rotating the magnetic field in
in Sec. VI. a plane perpendicular to the layers, the AMRO exhibit sharp
minima.
Il. THEORETICAL BACKGROUND We briefly discuss the physiqal origin of the QlD AMRO
effect with reference to the reciprocal space coordinate sys-
The energy barrier separating the Q1D and Q2D FS sedem defined in Fig. @), in which the Q1D FS is parallel to
tions in Fig. 1b) is relatively small: in fields above-10 T,  thekk, plane, and the highly conducting ET layers are par-
magnetic breakdown occurs, and electrons begin to follovallel to the k,k, plane?® Application of a magnetic field
closed orbits corresponding to the original Q2D FS. Theseauses quasiparticles to follow trajectories perpendicular to
closed orbits reveal themselves in the Shubnikov-de Haathe applied field and parallel to the Q1D FS shestsz (

FIG. 2. (a) Definition of the anglesf# and ¢, defining the
agnetic-field B) orientation relative to the Q1D FS within the
eciprocal space coordinate system discussed in the main text; the
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plane, as depicted in Figs.(B) and Zc). This results in  quency becomes comparable to the frequency of the periodic

periodic modulations of the quasiparticle velocitigs ~ k-space orbits. High-frequency AMRO, or POR, are closely
=%"'V,e(k), i.e., L FS]|, which are most pronounced for related to CR. Indeed, dc AMRO represent a limiting case of
the components parallel to the Q1D sheetsgndu, in this ~ CR/POR. For the situation depicted in FigcP the quasi-
case; the resultant real-space trajectory is illustrated in Fig.Particle reciprocal space trajectory does not modulate the
2(b). The velocity modulations are related to the weak FSéal-space velocity. Consequently, such orbits give rise to a
corrugations, which may be expressed in terms of Fourier=0 Drude peak in the conductivity, i.e., an AMRO
components*!® Each Fourier component has an associatedninimum.*® For the situation depicted in Fig(l®, the qua-
AMRO minimum. This is best illustrated with the aid of Siparticle reciprocal space trajectories do modulate the real-
Figs. ab) and 4c), and by considering the semiclassical SPace velocity componer)t_s. Such orbits give rise to finite-
Boltzmann transport equatidfifor general quasiparticle tra- frequency Drude conductivity peaks. Therefore, although the
jectories on the Q1D FFFig. 2b)], v, andv, are effectively ~ Situation depicted in Fig. (8) does not give rise to a dc
averaged to zero, and do not contribute appreciably to th@MRO minimum, it will give rise to a finite-frequency
conductivity; for special cases in which quasiparticles followDrude peak in the conductivity when the measurement fre-
trajectories parallel to a particular corrugatidfig. 20)], v, ~ guency matches the velocity modulation frequency. In prac-
andv, arenoteffectively averaged to zero—such trajectories(ice, & sample is placed in a microwave resonator, providing
contribute maximally to the conductivity, thereby giving rise @ weII-deflngd electromagnetic field environment, and reso-
to the pronounceg, and p, resistivity minima. nant absor'p.tlon. occurs whenever the h|gh-frequengy AMRO/
Provided that the FS corrugations are weak, all quasipar®OR condition is metAs in the dc case, each Fourier com-
ticle trajectories will be parallel and approximately straightPonent of warping produces a distinct POR. However, in
in reciprocal spacégnot in real space—see Fig(i], with contrast to the _dc case, the resonance positiangles de-
their orientations determined solely by the projection of theP€nd on the ratio of the microwave frequency to the external
applied magnetic field onto the plane of the F$-z( f|_eld, |._e.,v/E_3. Th_e resonance condition for the o_rthorhom-
plane;**15 AMRO minima then occur whenever the quasi- blc_lattlce, given in Refs. 11,1_4, may be_ generahz:_ad for an
particle trajectories run parallel to a particular Fourier com-arbitrary lattice and for an arbitrary rotation plane, i.e.,
ponent of the corrugations. Thus, the dc AMRO minimum
condition depends only on the field orientation relative to the
crystallographic(or CDW superstructujeaxes, and not on  Bres
its magnitude. For an orthorhombic crystal, one expects )
AMRO minima that are periodic in tafy and symmetric \here
about#=0°, whered is the angle between the applied field
and the normal to the conducting layefp* axis for 1 ml 1’
a-(ET),KHg(SCN),]. The periodicity is determined by the tanemn:m —t—1
crystal(or CDW supery lattice parameters, and scaled by the nb* b
factor 1/cosp, which projects the applied magnetic field onto —01 04142 3
the plane of the FSp is the azimuthal angle between the n=012..., m=0=1%2.... )
plane, and the plane defined by the magnetic fieldzaxks Here,b*, I, 1, m, n, 6, and$ have the same definitions as
[see Fig. 2a)]. For an oblique lattice, Q1D dc AMRO above;vg is the Fermi velocity, which is assumed to be
minima are observed fap=0 rotations at angleg,,, given  constant over the entire Q1D FS; aBg,. represents the

14

= %[(nb*)2C052¢+(ml+nl’)2]1/2|5m( 6= Ol

by applied field strength at which a POR will be observed for a
particular pair of indicesn andn. Equation(2) may be fur-
(m [ ) |’ ther simplified as follows:
tanbp,= — —|+ —, (1)
np*/ p* v evg o ‘sin( 60— 0mn) ~o y
Boo "0 % o0, 1 70 @

whereb* is the interlayer spacing, is the in-plane lattice

spacing(parallel to the Q1D FS, oy in this casg andl’ is  |n contrast to the dc case, one can now observedall
the obliquity parameter defined in Fig(d.'***The indices  resonances by sweeping the magnetic field or frequency with
m andn parametrize the Fourier components of the FS corthe sample orientation fixed; our experimental setup permits
rugations. Fora-(ET),KHg(SCN),, significant dc AMRO  the former(see the following sectionOne can also carry out
minima have only been observed far=0,1, andm=0,  angle rotations at fixed/B. However, unlike the dc case,
*1,%2,.... ¢ rotation measurements, performed at severajyhere the AMRO minima are determined solely by E3).
different azimuthal angleg, have enabled determination of [or Eq.(1)], the finite-frequency resonances are found from
the orientation of the Q1D FS sheet relative to the crystallothe combined solutions to Eq&3) and (4). For a particular
graphic axes, and of the ratib#* andl’/b* which char- /B, each dc AMRO minimum splits into two finite-
acterize the low-temperature CDW.*’ frequency branches, having opposite circular polarizations
The theory of both Q1D and Q2D AMRO has been ex-about thex axis: these result from the positive and negative
tended to high frequencies by several auttiors;*high fre-  values of sing—4,,) in Eq. (4); thus, one branch moves to
quency implie3v~7zc, i.e., when the measurement fre- higher angles with increasing B, the other to lower angles.
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Each branch persists up to a maximunB, at which (¢  relative to the fixed field, is achieved via a room-temperature
—60nn)=*+90°. The form of the angle dependence of thestepper motor mounted at the neck of the magnet Dewar; the
Q1D POR may be seen in Fig. 4 of Refs. 11,12, and in thestepper motor offers 0.1° angle resolution. The source and
Results of this papeFig. 5 below. the detectortharmonic generator and mixeare bolted rig-

In a field swept experiment, several resonances are olidly to the microwave probe; subsequent connection to and
served, corresponding to different Fourier components, offom the MVNA is achieved via flexible coaxial cablesn
harmonics of the warping. Unlike the harmonics observed irfhiS mode of operation, one can maintain optimal coupling

conventional CR experiments on Q2D and 3D systems wittP€Ween the spectrometer and the cavity containing the
nonparabolic dispersidht! the Q1D POR harmonics are, in samplewhilstrotating the probe. As discussed in great detail
! ' ~dn Ref. 9, good coupling between the various microwave

general, not commensurate; i.e., they are not evenly spacé

in /B, as has been noted in previous experiments on Qllf ements is e_ssentlal in order to maintain a h|g_h sensitivity
. o and a low noise level. These factors are the main reason for
organic conductor) At the dc AMRO minimum angles,

. the vastly improved quality of the POR data presented in the
however, the harmonics do become commensurate. . . : - .
- . ) following  section, relative to similar  previous
There are a number of fitting parameters in E@$-(4); . iqationd? Rotati tth e riaid : b
in principle, 8 and ¢ should be known, though they may also Investigations:” Rotation of the entire rigid sample probe
be determi’ned from measureme(mae’ below, and through also ensures that the sample is in a reproducible electromag-
; . . ' 9 netic field environment for all measurements made on a par-
comparison with dc AMRO datéy* is known from x-ray . :
datal 6,,, and, hence| and|’ may be determined either ticular mode of the cavity.
f ’6 mn ' ¢ diff d )//B field : : i The sample, which was grown by standard technidues,
Jgfrgrents ;veai%;aThle?irr?;Itﬁitzzg l;)arén(zcrateli i.jVr\;eoerlzso{;l has a platelet shapfimensions~0.8x0.8x0.17 mnf),
. F . . .
less insensitive to the other fit parameters. Therefore, Q1 nd was suspended at the center of the cylindrical cavity by

. eans of a quartz pillar. The axis of the cylindrical cavity
ZOR o:‘if:rsthonle: ?:n tih\(/e Imoi;s,t i(r:i1|recitDand ta(r:r(w:ur?/t\/e r:etantsh as aligned with the rotation axis, while the sampfeaxis
easuring the re elocity in Q1D systems. ve note as oriented perpendicular to this axis, i.e., parallel to the
McKenzie and Moses have proposed an alternative theory t

. ; ! ; . Blane of rotation, thereby ensuring fixedrotations. Thed
describe Q1D POR in '°W'd'mef.‘$'°”a' organic conductbrs, =+90° orientations may be determined from fixed field
though the resonance conditiohEgs. (2)—(4)] turns

out to be the same. However. as we will show below. thi angle sweepsp rotations were carried out by hand, at room
theory appears to‘ be ina’ ropriate for the cas’e o emperature, and recorded using a digital camera attached to
N (E1¥) KEE(SCN) pprop a microscope; calibration ap was achieved through subse-

- 2 4«

As described above, resonances are expected for the co uent data analysis. The base frequency of the cavity used

> . ~Tor these measurements was 53.9 GHz, corresponding to
ductivity components parallel to the Q1D FS. More detailed he TEO11 cylindrical mode with & factor of about 16

considerations show that, for the case of layered organic co Jigher frequency measurements were also performed on
ductors, it is preferential to measure the interlayer, g q Y : . P
higher-order modes of the same cavity without the need to

conductivity—both for the dc cadt and for the POR . o
measuremenfs!® Under such conditions, only resonancesV&'™M UP the probe. The use of a cavity enables positioning
' ' f a single crystal sample into a well-defined electromagnetic

with n=1 are detected, and their amplitudes are proportion ield environment, i.e., the orientations of the dc and ac elec-

to th? squares of tth%? Fourier amphtude_tﬁﬂo of the FS tromagnetic fields relative to the sample’s crystallographic
warping components. The resonance line shape_ has daxes are precisely known. In this way, one can systematically

Lorenzian .form when observed t.hrou'gh Cpndl.‘Ct'V'ty mea'probe any diagonal component of the conductivity tef%or.
surements, and the resonance linewidth is given7by, In this particular investigation, measurements were restricted
where is the relaxation time. to modes that probe only the interlayer electrodynamics; the
precise details as to how we achieve this are described
lIl. EXPERIMENT elsewheré€:’® Consequently, the measured absorption

) L : _ is directly proportional to the interlayer conductivity

The high degree of sensitivity required for single crystal ~
measurements is achieved using a resonant-cavity perturbgb*(“”B’T)' .

All the measurements were carried out at a temperature of

tion technique in combination with a broadband millimeter- - )

wave vector network analyzéMVNA )2 exhibiting an ex- abo_ut 2.2K.The temperature was stabilized using a quantum

ceptionally good signal-to-noise rafloThe MVNA is a design PPMS variable flow cryostat. Data were obtained for
both field sweeps at constant angle and angle sweeps at con-

hase-sensitive, fully sweepabl@—350 GHz superhetero- ; : : ;
(Fj)yne source/detectign SySteFI)TI. For the purposeg of these mejant field. The data presented in the following section are
Imited to rotation in two planes corresponding ¢o=28°

surements, a waveguide probe, optimized to work in th o
40— 120 GHz range, was used to couple radiation to andﬁ’mdd’:66 :

from a cylindrical resonator that we operate in transmission IV RESULTS

mode; the essential details of this instrumentation are de- '

scribed in detail in Ref. 9. In order to enable rotation of the Figure 3 shows the typical microwave absorption curves
sample relative to the applied magnetic field, we utilize afor field swept measurements at different fixed sample orien-
split-pair magnet with a 7 T horizontal field and a vertical tations ranging from#= —20° to+5° in 5° stepgthe traces
access. Smooth rotation of the entire rigid microwave probehave been offset for clarify ¢=28° in each case, and the
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m=2 m=1 m=0 m=-1

Iy

Absorption (arb. units — offset)

20 40 60 80 100 120 140 160 180 200 220
0 (degrees)

Absorption (offset — arb. units)

FIG. 4. Microwave absorption for fixed/B 6 sweeps(offset
for clarity) at an azimuthal angle=28°. »/B was varied by means
0O 1 2 3 4 5 6 of the applied field strengttindicated in the figurg the measure-
Magnetic field (tesla) ment frequency was 53.9 G.Hz and the temperature was 2.2 K. The
POR'’s have been labeled with the appropriate value of the imdex
FIG. 3. Microwave absorption curves for field swept measure-
ments at different fixed sample orientatidiredicated in the figure  ments, whereas resistivity minima are observed in AMRO
the temperature is 2.2 K, the frequency is 53.9 GHz, and the tracesxperiments. However, closer inspection indicates that the
have been offset for clarity. The POR have been labeled with thoQOR peak positions clearly depend on the field strength, in
appropriate value of the index. marked contrast to the dc AMRO case. Once again, each
) peak belongs to a POR branch corresponding to a particular
data were all obtained at=53.9 GHz(TEO11 modg The  Fourier component of the FS warping, and several of the
most obvious aspect of the data are the peaks in absorptigf}anches have been labeled accordingly in Fig. 4. The noise
corresponding to peaks in the interlayer conductivity. As W8level is slightly higher in Fig. 4, when compared to Fig. 3.
shall now detail, these peaks correspond to POR's. The firsgys s attributable to unavoidable mechanical vibrations as-
point to note is that there is no simple harmonic relationshipsociated with the rotation of the probe. Thus, the field-swept
between the peak position8) within a given trace, i.e., measurements are intrinsically cleaner. However, the signal-
the peaks are incommensurate. Each peak may clearly Rg.noise ratio is still exceptionally good, even in the angle
associated with a particular POR branch; in other wordsswept mode. It is also somewhat easier to observe higher-
there is a smooth shift in the positions of the peaks belongin%rder(higher|m|) POR in this mode of operation, by sweep-
to each branch, as indicated by the dashed lines. Most NGg through angles close = +90° at the maximum field
table is the dominant peak in thé=5° data, which splits of ~7 T. At lower fields, the condition v7=w7r~1 is not

into two distinct branches upon rotation. One branch MOVes. t for many of the highem modes, as evidenced by the

rapidly to higher fields, while the other branch moves todisappearance of the closely spaced peaks ar@u@0°® in
lower fields with a weaker angle dependence. This angl?he lower field data in Fig. 4

dependence is completely incompatible with a Q2D CR . . moo £
thepory, as has been ﬁotedypreviougly by several autidPs. In Fig. 5, we compile all of thep=28° field swept data
As we shall show below, all of the resonance peaks collapse . _ . . -
onto a single set of/B, s versusé curves generated using a 140} E’ _____________ v 53.'9 GHz |1
Q1D POR theory for a single Q1D FS. As discussed in the s o 89.2GHz
preceding section, each particular POR branch corresponds
to a specific Fourier component of the warping of the Q1D
FS, and the resonances in Fig. 3 have been labeled accord-
ingly. The amplitudes of the peaks are only weakly angle
dependent; we discuss the relative intensities of the peaks
further below. The quality of the data in Fig. 3 is unprec-
edented for a measurement in this frequency range; indeed,
this data is of comparable quality to the best dc measure-
ments. 0
Figure 4 shows microwave absorption for fixedB 6
sweeps, at an azimuthal anglg=28°. These data were
again obtained using the TEO11 mode of the cavity, while G, 5. A compilation of the angle dependence of all of the
varying v/B by means of the applied field strendthdicated ~ =2g° field swept data, where the data points represent the peak
in the figurg. Once again, several clear absorption peaks argositionsB, s, obtained from plots similar to Fig. 3; measurements
observed corresponding to distinct POR's. In fact, each tracat two frequencies are included in the figure. Several of the POR
is highly reminiscent of dc AMRO dat4;*>?*~?"albeit in-  branches have been labeled with the appropriate value of the
verted, i.e., conductivity peaks are seen in POR measuréadex m.

—
[
(=

—
[=1
[=

(GHz/tesla)
g B

V/Bre.v
&
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m=3 m=4 m=5 m=—4 m=-3 of quasiparticles on a Q1D FS—no assumptions about the
| . ! ! : ‘ ! . details of the band structure are required. Nevertheless, this
. 9=28° represents an average value, i.e., we have assumed a constant
150 —66° y Fermi velocity over the entire FS. We shall comment on the
validity of this assumption in the following section.
100f ° The ratiosl/b* andl’/b* obtained from our data are 1.2
and 0.5, respectively. These values are in excellent agree-
- o ment with those obtained from dc AMRS:%’|’/b*~0.5,
I/b*=1.25-1.35. Using the theoretical prediction for the
S line shape®!! we can estimate the relaxation time=1.5
. x 10 s, which is approximately the same for all peaks.
0 ' 2 Y o 1 2 This value is rather high in comparison to the typicalal-
m==2 m=-1 Mm=0 m=1 ., ues derived from a Dingle analysis of SdH and dHVA oscil-
tanfcos¢ lations. However, similar discrepancies have been noted in
the past from the POR data obtained for other Q2D organic
conductoré. The differences may be attributed to sample in-
homogeneities, which give rise to additional damping of
SdH/dHVA oscillations. This damping is incorporated into
into a single plot ofv/B,.. versusd, where the data points the theory of the SdH and dHVA effects as an effective scat-

. . 33 . . .
represent the peak positioBs.., obtained from data similar t€ring time=* Consequently, Dingle analysis likely underes-
to those in Fig. 3. Figure 5 includes measurements performeffmatesr significantly.
at two separate frequencies=53.9 GHz(open circlegand

viBcos0 (GHz /tesla)
3
S0

FIG. 6. A compilation of all of the data obtained in this inves-
tigation, scaled according to E¢). Several of the POR branches
have been labeled with the appropriate value of the index

v=289.2 GHz(solid triangles. The data collapse onto a set V. DISCUSSION
of sin(6— 6,y arches according to Eq&) and(4). All of the _ .
resonances may be labeled using a single indeas is also Comparisons between our data and those obtained by Ar-

the case for dc AMRO measuremeMt25-2" The dotted davanet al,'? reveal considerable advantages to our tech-

lines are fits according the Eq&) and (4); the exceptional ~hique. The rotating cavity design utilized by Ardavenal.
quality of the fits may be attributed to the high quality of the offers the main benefit that it may be used in axial high-field
measurements. Qualitative comparisons of the intensities dhagnets providing fields of up to 45 T at the National High
the peaks reveal that they scale approximately withégas Magnetic Field LaboratoryNHMFL) in Florida®* However,
i.e., the resonances with zero-field intercepts closesg to the split-pair configuration offers many other important ad-
=0° (m=0 and 1, Fig. 5have the strongest intensities. vantages that (_)u_tweigh the high-field capabi_lity. In particu_lar,
In order to compare data obtained for different rotationthe use of a rigidly coupled probe results in a marked im-

(4), giving significant reduction in noiséFurthermore, data acquisition

is possible whilst simultaneously rotating the field. Gold
evg plating of the waveguides at the high-field end of the probe
:Tb cos¢|tanf,,—tané|, 5 also eliminates spurious magnetic resonances associated with
contaminants;these are dramatically apparent in the data in
where we have set=1. Thus, plots ofv/(B,.sC0s6) versus  Ref. 12, thereby obscuring important details of the POR
tangcos¢ should produce straight lines of slope measurements. All of these factors add up to a marked im-
+eb*ve/h, with offsets given byd,,,,. Such a plotis shown provement in the quality of the results presented here, in
in Fig. 6, for all of the data obtained from these investiga-comparison to previously published measurements on
tions, i.e., both field and angle sweeps, and for two rotationv-(ET),KHg(SCN),. This has enabled us to carry out the
planes ¢p=28° and¢=66°). We see that the data collapse most detailed magneto-optical investigation of the complex
very nicely onto the theory over most of the angle rangelow-temperature phase of this material to date.
Deviations from the theory may be mainly attributed to small The observation of a strong harmonic content to the POR
errors associated with the calibration of the true argléehe  implies that the FS is strongly corrugated, thereby suggesting
nature of the theory amplifies these errors for angles close tocomparable transfer integrals between neighboring and more
0=90°, i.e., data close to the edges of Fig. 6. distant molecules. This conclusion contradicts the fact that
From the fits in Figs. 5 and 6, we can extract a Fermithe band structure is well described by a tight-binding ap-
velocity for the Q1D Fermi surface of aboutr=6.5  proximation. However, as pointed out in the Introduction, the
X 10* m/s. In principle, the same value could be estimatedow-temperature Q1D FS im-(ET),KHg(SCN), results
from the data in Ref. 12. This value for the Fermi velocity is from a reconstruction of the high-temperature FS obtained
very close to the value obtained from fits to optical conduc4rom tight-binding calculation&®?! The reconstruction is
tivity data using a Drude modé?.It should be stressed, how- caused by the fairly weak superstructure associated with a
ever, that our measurements give the most straightforwartbw-temperature CDW transition, i.e., the Q1D FS is essen-
determination of the Fermi velocity; the only assumption thattially pieced together from sections of the original high-
is made is that the POR’s are due to the semiclassical motioemperature Q2D closed FS. Thus, the transfer integrals that

14
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one could deduce from the POR data do not characterize theg., Ref. 36 We believe that coherent interlayer transport is
tight-binding nature of the FS. Rather, they characterize th@ot a necessary condition. Within the tight-binding approxi-
CDW nesting vector and the original Q2D FS. Indeed, themation, there should be no difference whether one considers
Fermi velocity obtained from these measurements corre*hopping” between layers, or coherent motion; in both of
sponds precisely to the Q2D Fermi velocity in the high-the cases, only the orbital overlaps between nearest-neighbor
temperature state. Based on this fact, one can estimate theolecules is important.
effective mass corresponding to the high-temperature Q2D If one assumes that the interlayer transport is “weakly
pocket(see Fig. 1L However, as already mentioned, this re- incoherent”(according to the definition of McKenZi8, then
quires making certain assumptions about the band structurenergy and in-plane momentum should be conserved for in-
Using a parabolic approximation for the dispersion, the efterlayer hopping. For the sake of simplicity, we consider this
fective mass is given byn* =fikg /vg, wherefike is the  situation for the case of a magnetic field rotated in the
Fermi momentum. Assuming the Q2D pocket to be cylindri-plane, i.e., parallel to the Q1D FS. In the presence of both the
cal, with a cross-sectional areak? equal to 16% of the dc magnetic field and an electromagnetic field, the conserva-
Brillouin zone, we obtain a value ofi* ~2.4m,, wherem,  tion equations are
is the free-electron mag<. Alternatively, using a tight- Co oo
binding approximation for the band dispersiofE(k) E'—E'=hv=rve(k—ky)sgnky) (6)
=2tcoska), the effective mass is given bym* and
~h sinkea)lavg, wherea is the lattice constant; such an A .
estimate gives a value oh* ~1.6m,. Both of these values fikj+eA|=fk{+eAf, 7)
are in reasonable agreement with published vatdes. _ o . o
We mentioned above that the POR peak amplitudes ar&N€reE is the quasiparticle energik) is the quasiparticle

about the same for resonances having the SErD86,. momentum parallel to the layer; is the component of the

This implies that the POR peak amplitudes are closely remagnetic vector potential parallel to the layers at the site of

lated to the FS corrugation wave vecta@s-b*/|cosfy,- thed r;_op?ing, and the superscriptsI;ndf deno;e the initi_al o
Comparisons between the=0,1 POR peaks, with then ~ &nd final energy, momentum, etc. Because the magnetic fie

=2,—1 peaks, reveals a difference in amplitude by a roughI)PnIy hasB, andB, components, one may choose a gauge in

factor of 6, while the difference ifcosé,,| is about 2 for WNICh Acis the only nonzero component of the vector po-

these resonances. As pointed out in Sec. I, the POR ampif€Ntia, 1.6.,Ac=Byz=By. The change in the vector poten-
al for interlayer hopping is them\,—A,=B,b* —B,(ml

tudes should scale as the squared Fourier amplitudes assolt -
ated with the FS corrugation. We note that, for the mostt!’), leading to
extreme form of warpinga square wave the POR ampli- B
tudes would scale asQf. Consequently, the 1/6 difference v=uFE|Af—Ai |= %—F|b*sin0—(ml+l’)cos¢9l
in amplitude between POR'’s corresponding to FS warping hox o h ’
components differing iQ by a factor of 2, indicates that the ®
corrugation is close to this extreme limit. Thus, it is possiblewhich is equivalent to the Eq(5). Consequently, the only
that a reconstruction along the lines discussed in Ref. 2jay to check whether the interlayer transport is coherent is
offers the most realistic description for the low-temperaturego compare the interlayer hopping ratg(=%/t,), with the
FS ina-(ET),KHg(SCN),. Due to the strong corrugation, it relaxation timer obtained from the POR linewidths. An es-
is quite likely that our assumption of a constant Fermi veloctimation of the interlayer transfer integral from the known
ity over the Q1D FS breaks down to some extent. F_Uftherconductivity anisotropy give$, ~1 meV, leading tor/r,
more, the theory for the POR developed in Sec. Il is only_ 29 indicating that the interlayer transport is coherent. The
approximate when the FS warping is strong. However, defactor of 10 or so difference between the scattering times
viations from this theory are only likely to be significant geduced from magneto-optical studies, and from SdH or
when the magnetic field is tilted appreciably out of the planejHyA measurements, raises some important issues. We be-
of the Q1D FS(see Ref. 15 which may offer an alternative  |ieve that the scattering times deduced from SdH and dHvA
explanation for the deviations between theory and experimeasurements can be misleading, since they do not necessar-
ment at the edges of Fig. 6. _ _ily reflect the true short-range inelastic scattering time. As
Mckenzie and Moses have published an altemativgjiscussed above, this may be caused by the effects of sample
theory for POR'® However, this theory predicts strong so- jnhomogeneities on the SdH/dHVA oscillation amplitudes,

called “Danner oscillationsTsee Refs. 17,35or field rota-  \yhich are indistinguishable from the effects of real scattering
tions close tof=90° in the=90° plane, i.e., the rotation processed’

plane perpendicular to the Q1D FS; these oscillations have
never been observed ia-(ET),KHg(SCN),. This theory
also predicts a strong angle dependence of the POR ampli-
tudes for all but then=0 harmonic, which also contradicts = We  have presented detailed angle-dependent
our results. However, McKenzie and Moses raised the imPOR measurements for the organic CDW conductor
portant question as to whether interlayer transport should be-(ET),KHg(SCN),. In particular, we demonstrate the huge
coherent in order to observe POR and AMRCThis ques-  potential of angle swept POR measurements. The quality of
tion has since been readdressed by numerous auteees our data is unprecedented for measurements in this high-

VI. SUMMARY AND CONCLUSIONS
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frequency range; indeed, it is of comparable quality to thethe most direct methods for determining the Fermi velocity
best dc measurements. Extensive angle-dependent measure-Q1D systems—our analysis yields an average value of
ments confirm that the POR’s are associated with the lows =6.5x 10* m/s. Furthermore, we show that POR is pos-
temperature Q1D FS; indeed, all of the resonance peaks cdible both for coherent and incoherent interlayer transport.
lapse onto a single set @f B versus angle curves, generated However, based on the Mott-loffe criterion, the interlayer
using a semiclassical magnetotransport theory for a singlgansport appears to be coherent in this compound, i.e.,
Q1D FS. Quantitative analysis of the POR harmonic content/ r,~ 20.
indicates that the Q1D FS is strongly corrugated, a fact that
is consistent with the assumption that the low-temperature
FS derives from a reconstruction of the high-temperature
guasi-two-dimensional FS. Extrapolations of our data to zero We thank S. Khan and N. Bushong for assistance. This
frequency reveal good agreement with published dc AMROwork was supported by the National Science Foundation
measurements. (Grants Nos. DMR0196461 and DMR01964238.H. would

We argue that Q1D POR measurements provide one dike to thank the Research Corporation for financial support.
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